(Received 7 July 1981/Accepted 28 August 1981) The relationship between the steady state lactose accumulation (APia) and the magnitude of the membrane potential (Ay/) and pH gradient (ApH) has been studied at pHO5.5 and pHO7.5. An attempt has been made to differentiate between two possible means by which lactose accumulation may be reduced below the proton-motive force (Ap). Firstly, that Aqt and ApH are not equivalent in driving lactose transport and secondly, that 'slip' reactions (fl-galactoside exit via the carrier without a proton) may reduce accumulation. The data support the latter; however, our conclusions are tempered by the observation that the apparent stoichiometry (APiac/Ap) increases to a value of at least 2 at values of Ap below 130 mV.
The fl-galactoside permease of Escherichia coli is the most extensively studied proton-linked bacterial transport system. Not only is the basis of the energy coupling mechanism beyond dispute (West & Mitchell, 1972 , 1973 but there is now considerable information pertaining to the structure of the permease itself Buchel et al., 1980; Beyreuther et al., 1980) . Thus it seems that in the relatively near future there should be significant cross-fertilization between these two aspects to give new insights into the molecular mechanism of transport.
Our own contribution has been a consideration of the relationship between the driving force for a proton symport, the proton-motive force (Ap), and the accumulation of lactose (APIac)-We have shown that lactose accumulation does not achieve thermodynamic equilibrium with the driving force . At acid values of the external pH (pH0) the disequilibrium is at its greatest Ahmed & Booth, 1981 ). Subsequently we showed that at acid pHo, lactose efflux was faster than that predicted from the rate of influx and the magnitude of the driving force (Booth & Hamilton, 1980 (Koch, 1964) , was only partially sensitive to the SH-group reagent (Booth & Hamilton, 1980) . In order to explain these results we have suggested that there is an element of inefficiency in the energy coupling mechanism, which results in a faster exit of the fl-galactoside than that predicted by the available driving force Hamilton & Booth, 1981) . The ionophore model of transport envisages a passive carrier protein facilitating the coupled flows of solute and proton to an equilibrium predetermined solely by the charge and pH gradients (Hamilton, 1980) . Inefficiency in energy coupling, on the other hand, has as a prerequisite the assumption that the carrier protein does not respond passively to the driving force in the sense of this model. One may envisage two extreme forms of inefficiency; firstly that the carrier does not respond equally to both AV and ApH, and secondly that the interaction between the solute and the carrier plays a role in determining the solute accumulation (Eddy, 1980; Hamilton & Booth, 1981) . With respect to lactose there is evidence to support both extremes. Thus in membrane vesicles lactose transport has been reported to be preferentially coupled to AV (Ramos & Kaback, 1977a,b; although others have dissented from this view (Kaczorowski et al., 1979) . On the other hand, it is well established that the steady state lactose accumulation is a saturable function of the external lactose concentration (Rickenberg et al., 1956 ). This behaviour is not readily explicable on the ionophore model, but could be explained if lactose could exit via the carrier without a proton. This so-called 'slip' reaction (Eddy, 1980) has been suggested to be a specific feature of the interaction between the carrier and the solute (Hamilton & Booth, 1981) . In addition to these features of energy coupling it has recently been demonstrated that the binding constants of some poorly accumulated,f-galactosides do not show that same energy-dependence as does lactose (Wright et al., 1979; Toci et al., 1980) . This may be a further indication that the ionophore model is of limited validity.
The present paper describes experiments designed to discriminate between these two possible explanations of the apparent inefficiency of coupling. Selective reduction of Ap has been used to determine the closeness of coupling of lactose accumulation to AVa and ApH. We conclude that both components of Ap are probably equivalent and thus that a slip mechanism may be particularly important. However, this conclusion must be tempered by the discovery of a possible change in the energy coupling mechanism as Ap fell below 130mV.
Materials and methods
These are described in the preceding paper (Ahmed & Booth, 198 1) .
Results

Effect oflactose concentration on Ap
It has been reported previously that the steady state accumulation ratio is a function of the external lactose concentration (Rickenberg et al., 1956 ). Therefore, we first investigated the effect of the external lactose concentration on the magnitude of the proton-motive force to determine whether the observed diminution of fl-galactoside uptake was provoked by a similar reduction of the driving force. The external steady state lactose concentration was varied between 5,UM and 5 mm at pHO6.0 and the magnitude of Aq, ApH and the steady state lactose accumulation, achieved at 20min, were measured. Up to 1 mm external lactose there was no significant diminution of Ap although the lactose accumulation fell from 172mV to 137mV (Fig. 1) . Above 1 mM-lactose, Aig was continuously depolarized and the time taken to reach the steady state of lactose accumulation was reduced, until with 4 mM-lactose the steady state occurred only 5 min after ,-galactoside addition. It was also observed that with lactose concentrations above 1 mm, the establishment of the steady state coincided with an increase in ApH (results not shown). Thus, at the higher lactose concentrations the cells appear to become depolarized, possibly due to rapid proton influx via the lac carrier, leading to a decrease in AV and a smaller increase in ApH (Kroll & Booth, 1981) . More important than this, however, is that concentrations accumulation and internal volume were measured as described previously (Ahmed & Booth, 1981 Ahmed & Booth, 1981) . Consequently we attempted to assess the contribution of each component of the driving force to the observed lactose accumulation.
Acetylsalicylic acid is a weak acid which is permeant through the membrane in the undissociated form but which may also be taken up by a transport system (C. V. Salmond, W. A. Hamilton & I. R. Booth, unpublished results). When EDTA/ valinomycin-treated cells of E. coli ML308-225 were incubated at pH05.5 with a range of con-centration (0-9 mM) of acetylsalicylic acid, ApH was reduced stepwise to close to 0, while AV fell by only 30mV (Fig. 2) . APiac declined to a value (1 14mV), which was close to the final value of the total driving force, Ap, (107 mV). Thus by reducing ApH substantially, the transport system appeared to move closer to thermodynamic equilibrium based on a stoichiometry of one coupling protein per lactose (West & Mitchell, 1973; Booth et al., 1979) . This is very similar to the effect of pHo on the relationship between Apiac and Ap Ahmed & Booth, 1981) and at first sight it suggests that ApH might not be fully coupled to lactose accumulation.
Titration of EDTA/valinomycin-treated cells with K+ is known to reduce A,V with a concomitant increase in ApH (Padan et al., 1976 (Bakker & Mangenich, 1981 (Fig. 3) . As with the decrease of ApH by acetylsalicylic acid (Fig. 2) it was found that an apparent equilibrium was established between APiac and Ap, although ApH was now the major component of the driving force (Fig. 3) . Thus ApH itself is not in this case inefficiently coupled to lactose uptake.
In each of these experimental approaches the driving force remained relatively high and greater than 100mV. In Halobacterium halobium it has been reported that the stoichiometry of coupling is affected by the magnitude of Ap (Lanyi, 1978a (Lanyi, ,b, 1980 Lanyi & Silverman, 1979) . We were interested, therefore, in the effect of the magnitude of Ap on the apparent coupling to lactose accumulation (the term 'apparent' is used since no actual measurements of proton movements have been made under these conditions). By an extension of the technique used in Fig. 3 (0) at pHo5.5
Conditions were as described for Fig. 1 (Ahmed & Booth, 1981 (Fig.   4) . In both instances, as Ap was reduced below 130mV, Apiac exceeded the available driving force on the basis of a stoichiometry of one proton per lactose ( Fig. 4 ; data relating to the choline-based system are omitted to avoid duplication). As the tetrachlorosalicylanilide concentration was increased Ay/ declined rapidly relative to ApH causing an overall decline in Ap. Lactose accumulation was inhibited to a much lesser extent and below Ap values of 130mV appeared to be in excess of the driving force. A complicating feature of these experiments was that AV appeared to increase at higher tetrachlorosalicylanilide concentrations. This may indicate a further limitation to the use of TPP+ as a probe of AV/ below 5OmV (Ahmed & Booth, 1981) . Notwithstanding this problem the experiments clearly indicate that, at pHO5.5, APiac can exceed Ap and that this is independent of the composition of the driving force.
In view of the relevance of these data to the controversy surrounding pHo-dependent variable stoichiometries (reviewed by Konings, 1981; Booth, 1981) we carried out similar experiments at alkaline pHo.
Addition of uncoupler to EDTA-treated cells at pH 7.5 resuspended in a KCI (150 mM)-based buffer system led to diminution of AV, and inversion of ApH (estimated by DMO exclusion). However, APiac was significantly greater than AV/ and thus greater than Ap, due to the inversion of the pH gradient (Fig. 5) . Additionally we have previously shown that TPP+, the AV probe used in this experiment, may overestimate AV by up to 9mV (Ahmed & Booth, 1981 Fig. 2 and other details as in Fig. 1 .
gave apparent stoichiometries between 1.3 and 2.2 H+ per lactose. Thus, the apparent stoichiometry at pHo 7.5 appears to vary as a function of Ap.
The carrier protein does not appear to be blocked in its function since the lactose addition was always to cells preincubated for 5 min in the chosen experimental regime. Thus influx occurred under conditions close to those pertaining at the steady state. Further, addition of a 100-fold excess of lactose at the steady state in conditions where Apiac exceeded Ap provoked an immediate efflux of the accumulated f,-galactoside (results not shown). This suggests that the observed variation of the stoichiometry does not result from an impairment of carrier function, either influx or efflux (Komor et al., 1969) .
The variation of the apparent stoichiometry with Ap is shown in Fig. 7 , using data obtained at both pHo 5.5 and pHo 7.5. The general trend is the same at both pHo values. Thus at high values of Ap the apparent stoichiometry is less than 1 and increases to 1 as the driving force declines to approx. 130mV. Below this value of Ap the stoichiometry appeared to increase toward 2. This reflects the relative constancy of APiac as Ap itself was reduced.
Discussion
At the outset of possible reasons for model of transport this paper we presented two deviation from the ionophore by the ,B-galactoside uptake system. The first of these was that Ay/ and ApH were not equivalent energy sources for lactose uptake, and indeed evidence has been presented previously that AV is preferentially coupled to the system (Ramos & Kaback, 1977a,b; . Several studies of the lactose transport system have concluded that the stoichiometry of coupling is one proton per lactose (West & Mitchell, 1973; Booth et al., 1979; Zilberstein et al., 1979) . On this basis, we have observed that diminution of Ap to around 110-130 mV brought lactose accumulation close to equilibrium. This result was independent of the composition of Ap and, therefore, we concluded that Av and ApH were equivalent driving forces for lactose uptake.
In subsequent extensions of this experimental approach we were somewhat surprised to find that the lactose accumulation could exceed Ap. This result again was independent of the composition of Ap and cannot be ascribed at this stage to a regulatory function of either Ay or ApH (cf. Lanyi, 1980) . Similar results were obtained at both pH05.5 and pHO 7.5 and thus the apparent variation in stoichiometry does not appear to be pHo-dependent (cf. Ramos & Kaback, 1977a,b,c) . We, therefore have an increase in the apparent efficiency of energy coupling to lactose uptake as Ap is reduced.
We have previously suggested that the mechanistic stoichiometry of the lactose transport system in partially de-energized cells is 1. At the same time we pointed out that the apparent stoichiometry in energized cells was often less than 1 . The evidence presented here suggests that the apparent stoichiometry may be a function of Ap (i.e. as the driving force is reduced the accumulation of solute approaches equilibrium with it) and indicates that it may increase to at least 2 at low values of Ap. This is not consistent with the direct observations of coupled proton and lactose flux. There are available a number of hypotheses which may be invoked to explain the data. Firstly that the mechanistic stoichiometry is a function of Ap (Lanyi, 1978a (Lanyi, ,b, 1980 . At first sight this is not consistent with observations on proton flux; however, relatively high concentrations of lactose were used in these determinations which may give high 'slip' and thus a reduction of the proton flux. Coupled with the need for extrapolation of the proton uptake to zero time one may have sufficient error to explain the observation of 1 : 1 proton/lactose uptake (West & Mitchell, 1973; Booth et al., 1979) .
Secondly, in similar experiments to determine the coupling between respiration and ATP synthesis, almost identical observations have been made to those reported here for transport (reviewed by Westerhoff & Van Dam, 1979) . The data have been rationalized either by considerations of irreversible thermodynamics (Westerhoff & Van Dam, 1979) or by the existence of a proto-neural network (Kell et al., 1981) . Discussion of these conflicting views is outside the scope of this paper, but either explanation could be invoked to explain our data.
Finally, there is the possibility that the mechanistic stoichiometry is invariant at a value of two protons/lactose and that 'slip' reactions reduce the accumulation to the observed levels. This was the second reason given for the deviation from the ionophore model. Indeed the argument concerning 'slip' is largely independent of the issue of the mechanistic stoichiometry since it is observed at both high and low values of Ap. It was suggested that the interaction between lactose and the carrier was such that efflux of lactose without a proton could occur at a finite rate. The strongest evidence in favour of this is that as the external lactose concentration was increased the apparent efficiency of energy coupling decreased. In order to explain this one must propose that the proportion of the total lactose exit that is not coupled increases as the internal concentration of lactose is raised. However, even at high internal lactose concentrations a significant portion of the lactose exit must still be fully coupled (i.e. lactose/proton symport) since efflux of the f3-galactoside has been demonstrated to generate a significant Ap in de-energized cells (Bentaboulet et al., 1979) and in membrane vesicles (Kaczorowski & Kaback, 1980) . Secondly a consideration of the relationship of APiac to Ap in the various experiments shows that, regardless of the means used to reduce the driving force, the reduction in APiac is always smaller than that of Ap. Thus it is reasonable to conclude that Ap is not the sole determinant of the lactose accumulation.
In conclusion, therefore, we would like to suggest that our data support the notion of equivalence of Ay/ and ApH at Ap values between 130mV and 250 mV. At lower values of Ap the relationship between Ap and APiac is more questionable and needs further study. However, it is clear that the lactose-carrier interaction plays a significant role in determining the accumulation of this f,-galactoside.
